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Projection neurons throughout the mature mammalian neocor-
tex extend efferent axons either through the ventrolaterally
positioned internal capsule to subcortical targets or through the
dorsally located midline corpus callosum to the contralateral
cortex. In rats, the internal capsule is pioneered on E14, but the
corpus callosum is not pioneered until E17, even though these
two types of projection neurons are generated at the same
time. Here we use axonal markers to demonstrate that early
cortical axon growth is directed toward the nascent internal
capsule, which could account for the timing difference in the
development of the two efferent pathways. This directed axon
growth may be due to a chemoattractant and/or a chemore-
pellent secreted by intermediate targets of cortical efferent
axons, the nascent internal capsule, or the medial wall of the
dorsal telencephalon (MDT), respectively. To test for these
soluble activities, explants of E15 rat neocortex and intermedi-
ate targets were cocultured in collagen gels. Cortical axon
outgrowth was directed toward the internal capsule, but out-
growth was nondirected and suppressed when cocultured with
MDT, suggesting that the internal capsule releases a chemoat-
tractant for cortical axons, whereas the MDT releases a che-
mosuppressant. Because the chemoattractant Netrin-1 is ex-
pressed in the internal capsule, we cocultured cortical explants
with E13 rat floor plate, which expresses Netrin-1, or with
Netrin-1-transfected or control-transfected 293T cells. Cortical
axon growth was directed toward both floor plate and Netrin-
1-transfected 293T cells, as it had been toward the internal
capsule, but not toward control-transfected 293T cells. These
findings suggest that early events in cortical axon pathfinding
may be controlled by a soluble activity which attracts initial
axon growth toward the internal capsule and that this activity
may be due to Netrin-1.
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The directed growth of axons along their appropriate pathways is
a crucial early step in the establishment of appropriate neural
connectivity. Mechanisms that may influence directed axon exten-
sion have been examined in a variety of neuronal populations with
well characterized trajectories, including retinal ganglion cells
(Brittis et al., 1992) and circumferentially projecting neuronal
populations in the hindbrain and spinal cord (Goodman, 1996).
However, relatively little is known about guidance mechanisms
that influence the early behavior of axons in forebrain structures,
such as the neocortex. The two major efferent pathways of the
neocortex are the internal capsule through the ventral forebrain
and the corpus callosum across the dorsal midline. Neurons in
layers 5 and 6 of cortex project through the internal capsule to the
thalamus, midbrain, hindbrain, and spinal cord. A separate pop-
ulation of neurons in these and other layers extend axons to the
contralateral cortex via the corpus callosum (O’Leary and
Koester, 1993).
Even though the generation of deep layer neurons that project
either subcortically or callosally is coincident (Koester and
O’Leary, 1993), there is a substantial temporal disparity in the
development of these two pathways. Axons from the neocortical
subplate pioneer the internal capsule (McConnell et al., 1989),
first extending into it on E14 in rats (De Carlos and O’Leary,
1992), whereas the corpus callosum is pioneered on E17 by
neurons in cingulate cortex (Koester and O’Leary, 1994). This
timing difference suggests that intracortical axon extension di-
rected medially toward the corpus callosum is delayed relative to
that directed ventrolaterally toward the internal capsule. In the
first part of the study presented here, we address this issue by
using axonal markers to study the early trajectories of cortical
axons. We find that early axon extension is directed toward the
internal capsule.
Recent studies have begun to address mechanisms that may
guide cortical axons along their efferent pathways. For example, it
has been proposed that an early transient population of cells in
the lateral ganglionic eminence, which extends processes into the
cortex at E11.5 in hamsters and E13 in mice (developmentally
similar to an E15 rat), serves as a scaffold to guide cortical axons
into the nascent internal capsule in a contact-mediated manner
(Metin and Godement, 1996). In E17 rats, a transient projection
through the internal capsule into the cortical plate, formed by
cells in the perireticular nucleus, has been suggested to arrange
and stabilize corticothalamic projections (Clemence and Mitrofa-
nis, 1992; Adams and Baker, 1995).
Aside from a ventral midline-derived chemorepellent activity
suggested to steer olfactory tract axons laterally (Pini, 1993), there
is surprisingly little evidence of a role for soluble molecules in the
establishment of axonal pathways within the forebrain, especially
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given the substantial body of evidence that they act to direct axon
growth in the midbrain, hindbrain, and spinal cord by both attrac-
tion and repulsion (Tessier-Lavigne et al., 1988; Placzek et al.,
1990; Colamarino and Tessier-Lavigne, 1995; Guthrie and Pini,
1995; Shirasaki et al., 1995, 1996; Tamada et al., 1995; Serafini et
al., 1996). The early directed growth of cortical axons could be
influenced by chemoattractants secreted by the nascent internal
capsule or by chemorepellents secreted by a midline dorsal telen-
cephalic structure. In the second part of the study presented here,
we provide evidence from collagen gel coculture experiments that
the nascent internal capsule secretes a chemoattractant activity
that promotes the directed growth of cortical axons, and that the
chemoattractant Netrin-1 (Kennedy et al., 1994; Serafini et al.,
1994) can mimic this activity. These findings suggest a role for an
internal capsule-derived chemoattractant, possibly Netrin-1, in
establishing the early directed growth of cortical axons along their
subcortical pathway.
MATERIALS AND METHODS
Animals. The fetuses of timed pregnant Harlan Sprague Dawley rats were
used for this study. The first 24 hr period after insemination is designated
embryonic day (E) 0.
Immunostaining. Immunohistochemistry using the neuron-specific an-
tibody TuJ1 directed against acetylated b-tubulin (Moody et al., 1989),
was performed on embryos ages E12–E18. E12 embryos were immersion-
fixed for 4 hr in 2% paraformaldehyde and stained as whole mounts
following a protocol modified from Easter et al. (1993). The embryos
were permeabilized by immersion in distilled water, followed by graded
ethanols, then xylenes. They were rehydrated through graded ethanols to
distilled water, immersed in 2208C acetone for 10 min, then rinsed in
distilled water. Aside from the acetone step, all of the steps above were
5 min each. Embryos were then incubated overnight in PBS containing
0.2% fish gelatin, 0.25% Triton X-100, 0.1 M lysine, 0.001% H2O2, and
10% normal goat serum at 48C. After rinsing, the embryos were incubated
for 48–72 hr at 48C in TuJ1 primary antibody diluted 1:500 in PBS
containing 0.25% Triton X-100 and 10% normal goat serum, washed in
PBS (3 3 1 hr), and incubated for 24 hr at 48C in horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG diluted 1:100 in PBS containing
5% rat serum. After three 1 hr washes in PBS and two half hour washes
in Tris buffer (pH 8.2), the HRP was reacted in the presence of 0.05%
diaminobenzidine and 0.01% H2O2 in Tris buffer. After this reaction, the
cortices were removed and flat-mounted in 90% glycerol for examination
and photography.
Embryos ages E14–E18 were fixed by immersion (E14) or by perfusion
(E15–E18) with 4% paraformaldehyde in 0.1 M sodium phosphate buffer.
After overnight post-fixation and cryoprotection in 20% sucrose, the
brains were removed, embedded in OCT, and sectioned at 14 mm on a
cryostat. Sections were mounted on gelatin-coated slides and stored at
2208C. For immunostaining, the slides were rinsed in distilled water and
immersed in a blocking solution of 4% nonfat dry milk and 0.25% Triton
X-100 in PBS (0.1 M) for 30 min. Sections were incubated overnight at
48C in TuJ1 primary antibody diluted 1:500 in the blocking solution,
rinsed in PBS, and incubated with fluorescein isothiocyanate-conjugated
goat anti-mouse IgG (Fisher Biotech) diluted 1:50 in PBS containing 5%
rat serum. After rinsing in PBS, slides were coverslipped in 90% glycerol
in PBS containing 5% n-propyl gallate. Sections were examined and
photographed using a fluorescence microscope and fluorescein optics.
Control sections were incubated in the blocking solution without primary
antibody and showed no staining.
DiI labeling. Embryos ages E14–E17 were fixed by immersion or
by perfusion with 10% buffered formalin followed by overnight
post-fixation. Small injections of 0.2% 1,19-dioctadecyl-3,3,39,39-
tetramethylindocarbocyanine perchlorate (DiI; Molecular Probes)
(Honig and Hume, 1989) in dimethylformamide (Sigma) were made
using a fine-tipped glass micropipette attached to a Picospritzer (General
Valve, Fairfield, NJ). A single injection was made in each cortical hemi-
sphere; the injection site was varied across cases. Injections were made to
extend through the full thickness of the cortical wall. The number of
cortical hemispheres successfully injected and analyzed at each age is
given in Results. Brains were stored in the dark at room temperature for
at least 3 weeks to allow DiI diffusion. The brains were then embedded in
agar and coronally sectioned at 100 mm on a vibratome. Every section
through the cortical hemisphere was examined with a fluorescence mi-
croscope under rhodamine illumination for the presence and location of
DiI-labeled axons and cells. The sections were counterstained with bis-
benzimide (0.002% in sodium phosphate buffer; Sigma) and photo-
graphed under ultraviolet (bisbenzimide) and rhodamine (DiI)
illumination.
DiI labeling of cortical explants was done by making small injections
(as described for the labeling of cortical hemispheres described above)
into the collagen gel at a distance of ;200–300 mm. Injections were
placed to the right of the cortical explant on the “toward” side close to the
“test” explant, and at a similar distance on the corresponding side in the
cortex-alone cultures. Injected cultures were placed in darkness for 7 d to
allow retrograde diffusion to occur and were then viewed and photo-
graphed under a fluorescence microscope using a rhodamine filter.
Explant preparation. Timed pregnant rats were anesthetized using so-
dium pentobarbital (60 mg/kg), and then their abdomens were swabbed
with alcohol and opened using sterile techniques to expose the pups. Pups
were dissected from the uterine horn one at a time, washed in cold L-15
supplemented with 0.6% D-glucose (Sigma; L-15/D-glucose), then trans-
ferred to a clean dish containing L-15/D-glucose in a sterile tissue-culture
hood.
Cortical explants were taken from E15 embryos. The brain was excised
from the skull, and the pial membranes were removed. For preparing the
cortical explants, an oval-shaped section of dorsolateral neocortex was
dissected from each hemisphere and cut into approximately 500 3 500
mm pieces that spanned the full thickness of the cortical wall. A tiny slit
was then made in each piece in the rostromedial corner to allow for the
identification of mediolateral orientation of the piece during plating.
The explants of medial dorsal telencephalon (MDT) were taken from the
medial wall of the dorsal telencephalon (presumptive cingulate cortex)
just dorsal to the site where the corpus callosum will later form. MDT
explants were dissected from a thick coronal section and then cut into
500 3 500 mm pieces that spanned from the pial to ventricular surfaces.
For preparation of the explants of nascent internal capsule, E15 brains
were embedded in 3% low melting point agar (Seaplaque, FMC Bioprod-
ucts, Rockland, ME) in L-15/D-glucose and coronally sectioned at 200 mm
on a vibratome. Sections were collected in sterile L-15/D-glucose and
sorted for those containing the striatum. Explants of the nascent internal
capsule were dissected from the center of the presumptive striatum from
sections at the level where both the lateral and medial ganglionic emi-
nence were protruding into the lateral ventricles. One internal capsule
explant was derived from each hemisphere per appropriate section (ap-
proximately three sections per brain).
Floor plate explants were derived from E13 embryos. Embryos placed
in L-15/D-glucose were decapitated and eviscerated, and the skin overly-
ing the vertebral column was removed. The vertebral column was incu-
bated in a solution of minimal essential medium (MEM, Life Technolo-
gies) containing 0.1% trypsin (Calbiochem, La Jolla, CA) and 0.001%
DNase (Boehringer-Mannheim) on ice for 30 min, then transferred to
ice-cold MEM containing 1.0% fetal bovine serum (FBS; Intergen, Pur-
chase, NY) and 0.001% DNase (Drago et al., 1991). The overlying
mesoderm and ectoderm were removed, and special care was taken to
remove the notochord. A cut was made along the dorsal midline of the
spinal cord, and the cord was flattened, exposing the floor plate in the
center. Cuts were made along the lateral edges of the floor plate to
remove the lateral spinal cord. The strip of floor plate was then cut into
small pieces approximately 200 mm in diameter. All explants were kept on
ice in fresh L-15/D-glucose until plating.
Netrin expression construct and 293T cell transfections. 293T cells (Du-
Bridge et al., 1987) were transfected with Netrin-1 using the calcium
phosphate method (Ausebel et al., 1987). The Netrin-1 expression con-
struct consisted of a pBluescript vector (Stratagene) containing from 59 to
39 the CAG promoter (Niwa et al., 1991), chicken Netrin-1 cDNA
(Serafini et al., 1994), an internal ribosomal entry site (Ghattas et al.,
1991), green fluorescent protein (GFP) fused to the membrane-localizing
signal of growth associated protein-43 (Moriyoshi et al., 1996), and a
polyA tail. The control construct was the same, except the Netrin-1
cDNA was placed in the reverse (antisense) direction. The day before
transfection, confluent plates were split 1:10. Eighteen to twenty-six hours
later, the subconfluent cells were transfected with a solution consisting of
20–27 mg of DNA and 31.25 ml of 2 M CaCl in 500 ml of HEPES-buffered
saline added to the medium of a 10 cm dish of 293T cells. Twelve hours
later, the transfection solution was removed and replaced with fresh
DMEM/10% FBS. Twenty-four hours later, the cells were harvested,
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centrifuged to a pellet, and resuspended in 100–300 ml of growth medium
(see below). Effectiveness of the transfection was assessed by the pres-
ence of GFP fluorescence in the cells using fluorescein illumination. To
make the agar block of cells, 2% low melting point agar in L-15/D-glucose
was added to a 35 mm dish and allowed to harden. A 1 cm square was cut
out and removed, and the dish was placed on a warming block. To this
cavity was added 10 ml of cells and 60 ml of molten 2% agar in L-15/D-
glucose, which was mixed and allowed to harden by placing the dish on
ice. Approximately 300 mm square cubes were then cut from the agar and
placed in L-15/D-glucose on ice until plating.
Collagen matrix assays. Collagen was prepared from young rat tails (not
more than 10 cm in length). At the time of plating, 900 ml of collagen
solution was mixed with 100 ml of 103 MEM (Sigma) and 11–18 ml of
7.5% bicarbonate solution (Life Technologies) and placed immediately
on ice. Cultures were plated into 4-well dishes (Nunc). Initially, 25 ml of
collagen was placed in the bottom of the well and allowed to gel. Explants
were then placed on top of the collagen base, and an additional 75 ml of
collagen was added. Before the top layer of collagen gelled, the explants
were positioned 150–400 mm apart; either the medial or the lateral edge
of the cortical explants faced the test explant in equal numbers. The
collagen was allowed to gel at 378C for 15–20 min, and then 500 ml of
growth medium consisting of DMEM/F12 (Life Technologies), 0.1%
penicillin-streptomycin, 3.6% D-glucose, 2 mM glutamine, 5% rat serum,
and 10% FBS (Gemini, Bio-Products, Calabasas, CA) was added to each
well. Explants were cultured for 24 hr in a humidified incubator.
Analysis of axon growth in vivo and in vitro. To quantify the direction of
extension of cortical axons in TuJ1-stained whole mounts of E12 cortex,
we photographed the whole mounts and then made magnified images
from which we traced individual neurons and their processes. The anal-
ysis only included axons that could be traced back to the cell body to be
certain of the direction of extension. To determine the direction of axon
extension, a line parallel to the medial–lateral axis of the cortex was
passed through the center of the cell body. Axons were assigned to either
medially projecting or laterally projecting groups and, in addition, scored
as falling within 458 or 908 of the line.
Cocultures were analyzed and photographed using an inverted-phase
microscope (Nikon). Growth preferences exhibited by the cortical ex-
plants were scored independently by three investigators blind to the
source or transfection construct of the test explants (i.e., the nascent
internal capsule, MDT, floor plate, or 293T cell cubes) and the orienta-
tion of the cortical explants. In the great majority of the cultures, the
scores were unanimous. In the few nonunanimous cases, two of the three
investigators gave the same score, which was the one used. Growth on the
sides of the cortical explant facing toward or away from the test explant
(i.e., the lateral or medial side) was compared and judged to be equiva-
lent or greater on one or the other side. Cortical explants cultured alone
were plated in the same orientation as cortex cocultured with test ex-
plants so that scoring could be performed on sides equivalent to the
toward (to the right) and away (to the left) sides. Given the nonparamet-
ric nature of this analysis, the Mann–Whitney test was used to analyze
statistical differences between the various explant pairings. To quantitate
axon outgrowth, we counted the number of cortical axon bundles in either
the quadrant toward or away from the test explant that had grown more
than 150 mm away from the cortical explant. This distance was selected
because it was difficult to distinguish individual bundles close to the
cortical explants. For each coculture type, the mean and SEM were
calculated and analyzed using Student’s t test. For figure preparation,
black-and-white film negatives of the cocultures were digitized on a 35
mm scanner (Nikon), and the images were composed into figures on a
Macintosh computer using Photoshop (Adobe).
RESULTS
In the mature rat neocortex, separate but spatially overlapping
populations of cortical neurons project axons medially or laterally.
Some of the medially projecting axons pass through the corpus
callosum to the contralateral cortex, and some of the laterally
projecting axons extend through the internal capsule to subcorti-
cal targets; the remaining axons project intracortically (O’Leary
and Koester, 1993). To analyze the development of these cortical
axon trajectories, we used the neuron-specific antibody TuJ1
(Moody et al., 1989) as a general axonal marker to reveal the
overall distribution of cortical axons and the fluorescent lipophilic
dye DiI as an anterograde and retrograde tracer to label select
groups of axons and their cells of origin.
Cortical axons extend medially or laterally at later
stages of embryonic development
Injections of DiI into the neocortex on E17 (n 5 9) retrogradely
label, as expected, cells both medial and lateral to the injection
site (Fig. 1). This labeling pattern indicates that cortical neurons
positioned lateral or medial to the injection have extended axons
far enough medially or laterally, respectively, to be labeled. The
retrogradely labeled cells located medial to the injection site are
found in both the subplate and the cortical plate, whereas those
lateral to the injection site are predominantly in the cortical plate.
Labeled axons deep in the intermediate zone medial to the
injection site are likely to be anterogradely labeled medially
projecting cortical axons, although they have yet to reach the
midline, whereas those more superficially located are a mixture of
retrogradely labeled cortical axons and anterogradely labeled
thalamocortical axons.
The appearance of the TuJ1-immunostained sections of E17
(n 5 4) and E18 (n 5 4) cortex reflects the overall disposition of
these axonal projection systems (Fig. 2). The intermediate zone is
broad and contains thick fascicles of labeled axons, including a
deep collection of fascicles that appears to be oriented obliquely
to those in a broader collection of fascicles directly above it. This
pattern is more obvious at E18.
Early cortical axon growth in vivo is directed toward
the internal capsule
TuJ1 immunostaining of sections of E14 and E15 cortex reveals a
simple labeling pattern. The preplate overlying the neuroepithe-
lium is heavily stained, indicative of the dense accumulation of
early generated cortical neurons. The staining pattern is much
thicker ventrolaterally than at more dorsal and medial positions
(Fig. 2), largely because of an accumulation of axons. Dorsally and
medially, axon staining is difficult to distinguish from that of the
preplate layer. At E16, the preplate has split into a marginal zone
and a subplate by the emerging cortical plate. The medial-to-
lateral gradient in the increasing thickness of axonal accumulation
is very prominent. In addition, an intermediate zone containing
stained axons is evident throughout the neocortex (see Fig. 6).
Because the first afferent axons do not reach the cortical inter-
mediate zone until E16 (Catalano et al., 1991; De Carlos and
O’Leary, 1992; De Carlos et al., 1995), most, if not all, of the
labeled axons must arise from cortical neurons. The medial-to-
lateral thickening of the intracortical axon pathway at E16 and
earlier revealed by TuJ1 immunostaining suggests that cortical
axogenesis proceeds in a lateral-to-medial gradient. This may be
attributable in part to axogenesis paralleling the neurogenetic
gradient in cortex (Rickmann et al., 1977; Smart and Smart, 1982;
Uylings et al., 1990; Bayer and Altman, 1991), but in addition may
reflect that most early cortical axon growth is directed laterally,
leading to progressively greater axonal accumulation at more
lateral positions.
To examine the growth trajectories of cortical axons at these
early stages, we made discrete DiI injections into the cortical wall
of aldehyde-fixed brains at sites varied in position along the
medial–lateral and rostral–caudal cortical axes. The pattern of
DiI labeling, both retrograde and anterograde, in relation to each
injection site, reveals that at E14, E15, and E16, cortical axon
growth is predominantly directed toward the ventrolaterally posi-
tioned internal capsule. Figure 3 presents a summary of the axonal
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Figure 1. Cortical axons extend laterally and medially at E17. Pattern of labeling from a neocortical DiI injection in a rat brain fixed at E17. A–C are
serial coronal sections progressing from rostral (R) to caudal (C); dorsal is to the top, lateral to the left. One section is not shown between C and D. Unlike
at earlier ages, at E17, large numbers of retrogradely labeled cells are found both lateral and medial to the injection site (asterisk). Laterally placed cells
extend axons medially along the callosal trajectory. CP, Cortical plate; SP, subplate; IZ, intermediate zone; NE, neuroepithelium; LV, lateral ventricle.
Scale bar, 250 mm.
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trajectories at these ages. This basic pattern of cortical axon
convergence on the internal capsule is similar to that recently
described for corticofugal axons in embryonic hamsters (Metin
and Godement, 1996), although at these ages in the rat (E14–
E16), the great majority of cortical axons exhibit this behavior.
Examples of the actual labeling patterns are presented in Figures
4 and 5, as described below.
After injections that span the thickness of the neocortical wall
in E14 (n 5 8) and E15 (n 5 8) rats, virtually all retrogradely
labeled cell bodies are located medial to the injection site, and
anterogradely labeled axons are directed laterally from it (E14,
Fig. 4A,B,B9; E15 not shown). At E14, most of the labeling of cells
and axons must be attributable to the labeling of preplate neurons
because cortical plate neurons are not generated in significant
numbers until E14 (Bruckner et al., 1976; Lund and Mustari,
1977; Valverde et al., 1989). After similar injections on E16 (n 5
8), we also find that virtually all retrogradely labeled cells are
located medial to the injection site, whereas anterogradely labeled
Figure 2. Developmental series of TuJ1-immunostained coronal sections from brains of rat embryos ages E14–E18. Scale bar, 250 mm. In each
photomontage, medial is to the left, dorsal to the top. Stars mark the expected crossing point of the corpus callosum. PP, Preplate. Other abbreviations
as in Figure 1.
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axons are lateral to it (Fig. 4C). Far medial to the injection site,
the cortical plate is not easily definable, and the identity of the
retrogradely labeled cells is ambiguous (Fig. 4D,E). Nearer to the
injection site, cells retrogradely labeled from the more laterally
placed injections are located in both the cortical plate and sub-
plate (Fig. 4F). Only rarely are retrogradely labeled cells present
in the intermediate zone lateral or medial to the injection, indi-
cating that migrating neurons do not extend axons for any signif-
icant distance. A similar pattern of labeling was observed after
injections in frontal or frontomedial cortex on E16 (n 5 6).
Virtually all retrogradely labeled cells are located medial and
caudomedial to the injection site, and anterogradely labeled axons
extend lateral and rostrolateral from it (Fig. 5). Cells in medial
cortex extend their axons rostrolaterally, some around the front of
the lateral ventricle to reach the internal capsule. In conclusion, at
E14, E15, and E16, cortical axon extension is predominantly
directed toward the internal capsule, the pathway from cortex to
subcortical targets.
Initial extension of the first cortical axons is
predominantly directed laterally
At the earliest ages of cortical axon growth, the axons are too
short to be revealed effectively with DiI injections. However,
because the density of neurons and axons is low at this stage,
unlike at later ages, TuJ1 can be used to examine the trajectories
of individual axons. TuJ1 was used to immunolabel whole mounts
of cortical hemispheres from E12 rat fetuses (n 5 4), the age at
which the first cortical neurons become postmitotic (Valverde et
al., 1989). TuJ1 staining reveals a low density of preplate neurons,
which in the most lateral region of the cortex have begun to
extend axons. Most of these axons are directed laterally (Fig. 6A),
toward the future internal capsule. Many of the axons are directed
laterally from their initiation point on the neuronal soma, whereas
others initially extend obliquely, then turn to assume a laterally
directed trajectory (Fig. 6B,C). Quantification of the direction of
cortical axon extension shows that 92% of axons with a definable
trajectory (n 5 97) are directed laterally, and 91% of these axons
have a trajectory within 458 of a line that extends directly lateral
(for details, see Materials and Methods). Thus, from the onset of
cortical axogenesis, cortical axon growth is predominantly di-
rected laterally toward the site of the future internal capsule, and
remains so over the first 5 d of cortical axon extension (E12–E16).
A soluble signal released by the internal capsule
attracts cortical axons
A priori, the directed growth of cortical axons toward the ventro-
laterally located internal capsule could be promoted either by
molecules expressed within cortex or soluble molecules that dif-
fuse into it. To assess the latter possibility, we carried out cocul-
ture experiments in three-dimensional collagen gels using inter-
mediate targets of cortical axons (Fig. 7). Specifically, we tested
whether the MDT releases a soluble activity that causes cortical
axons to grow away from the midline and therefore toward the
internal capsule, or whether the nascent internal capsule may
release a soluble activity that attracts cortical axons toward it (Fig.
7). Explants were taken from E15 rats, an age when cortical axons
show a strong directional growth toward the internal capsule in
vivo. For each culture, cortical axon growth was scored in two
ways: by a blind scoring of axon growth preferences and by
counting axon fascicles (for details, see Materials and Methods).
When cortical explants were cultured alone in collagen gels
(n 5 12), axon outgrowth was either symmetrical or more profuse
on the caudal or lateral side of the explant (Table 1; Fig. 8A).
When cortex was cocultured with explants of MDT (n 5 21),
cortical axons maintained the characteristic pattern of axon out-
growth observed when they were cultured alone (Table 1; Fig.
8B). Thus, this experiment provides no evidence that MDT re-
leases a chemorepellent activity for early cortical axons. However,
cortical explants cocultured with nascent internal capsule (n5 22)
exhibited greater axon outgrowth on the side of the explant facing
the internal capsule (Table 1; Fig. 8C). A statistical analysis using
the Mann–Whitney test indicates that the growth response of
cortical axons toward explants of internal capsule was significantly
different from the growth response of cortex cultured alone ( p #
0.05) or cocultured with explants of MDT ( p # 0.01) (Table 1).
Counts of axon fascicles support the blind qualitative assessments
of cortical explant growth preferences (Fig. 9A). The number of
axon fascicles extending from the side of cortical explants facing
the internal capsule was more than threefold greater than the
number extending from the opposite side; this difference is statis-
tically significant ( p# 0.05, Student’s paired t test). No significant
difference was found in the number of axon bundles extending
from the two sides of cortical explants in cultures of cortex alone
or in cocultures with MDT. These findings demonstrate that, in
vitro, the nascent internal capsule releases a soluble activity that
promotes the growth of cortical axons toward it.
The floor plate and Netrin-1 attract cortical axons
Several lines of evidence suggest that Netrin-1 (Kennedy et al.,
1994; Serafini et al., 1994) can act as a soluble molecule to
promote the ventrally directed growth of circumferentially pro-
Figure 3. A dorsal see-through view of a cortical hemisphere summariz-
ing the predominant pattern of cortical axon extension at E14, E15, and
E16. Medial is to the left, rostral is to the top. The approximate locations
of the internal capsule and lateral ventricle underlying the cortical mantle
are indicated. Although the most medial axons must take somewhat
indirect trajectories, most axon extension at these ages is directed toward
the ventrolaterally located internal capsule.
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Figure 4. DiI injections into neocortex at E14 through E16 reveal that axon extension is predominantly directed laterally toward the internal capsule.
Coronal sections: dorsal to the top, lateral to the left. A, B, Adjacent sections through an E14 fixed brain showing the pattern of labeling from a single
DiI injection (asterisks). Virtually all retrogradely labeled cells are found medial to the injection site (arrow), and anterogradely labeled axons are found
lateral to it (arrowheads). This labeling pattern indicates that most cells extend axons laterally at this stage. The efferent axons extend within the
intermediate zone (IZ), deep to the preplate (PP). The superficial-most labeling both medial and lateral to the DiI injection site is nonspecific labeling
of the pia attributable to DiI diffusion. B9, Higher power view of the cortical wall medial to the injection site in B. The arrowhead marks nonspecific DiI
labeling in the pia. A row of retrogradely labeled cortical cells is marked by the arrow. C, Low magnification image showing the pattern of labeling from
an injection (asterisk) at E16. Most retrogradely labeled cells were medial to the injection (arrow). D, E, Higher magnification images of cells (arrows)
retrogradely labeled by such an injection. F, Retrogradely labeled cells from a more ventrolaterally placed injection. At this level, both subplate (SP) and
cortical plate (CP) cells are clearly distinguishable. Both populations extend axons laterally; very few cells of either population extend axons medially at
this age. Abbreviations as in Figure 1. Scale bars: A, B (shown in A), 250 mm; B9, 100 mm; C, 250 mm; D–F (shown in D), 50 mm.
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jecting axons in the midbrain, hindbrain, and spinal cord (Tessier-
Lavigne et al., 1988; Placzek et al., 1990; Shirasaki et al., 1995,
1996; Tamada et al., 1995; Serafini et al., 1996). Because Netrin-1
is expressed in the internal capsule as cortical axons begin to
extend toward it (Serafini et al., 1996) and has properties consis-
tent with those of a chemoattractant (Kennedy et al., 1994; Se-
rafini et al., 1994), we have carried out coculture experiments to
assess whether Netrin-1 may be involved in the ventrolaterally
directed growth of cortical axons toward the nascent internal
capsule. In the first set of experiments, floor plate, which ex-
presses Netrin-1 (Kennedy et al., 1994), was isolated from E13 rat
spinal cord and cocultured with cortical explants in collagen gels
(n 5 16; Fig. 7). In these cocultures, cortical axon growth was
directed toward the floor plate (Fig. 8D). When compared with
cultures of cortex alone, or cocultures of cortex with MDT, the
directed growth of cortical axons toward the floor plate was
significant ( p # 0.025 and p # 0.01, respectively; Mann–Whitney
test; Table 1). However, there was no significant difference in the
directed axon growth exhibited by cortical explants cocultured
with the nascent internal capsule and those cocultured with floor
plate, suggesting a qualitatively similar response (Table 1). The
number of axon fascicles extending from the side of cortical
explants facing the floor plate is more than twofold greater than
the number extending from the opposite side (Fig. 9A); this
difference is statistically significant ( p , 0.01, Student’s paired t
test).
A second set of experiments was done to address whether the
response of cortical axons to the floor plate may be mediated by
Netrin-1. Small cubes of agar-containing HEK 293T cells trans-
fected with a Netrin-1 expression construct were cocultured with
cortical explants (n 5 33; Fig. 7). As in cocultures with nascent
internal capsule or floor plate, cortical explants have greater axon
outgrowth from the side facing the cubes of Netrin-1-expressing
cells (Fig. 8E). In contrast, cortical explants cocultured with cubes
of 293T cells transfected with a control construct (n 5 33) exhib-
ited nondirected growth that was not statistically different from
cortex cultured alone (Table 1; Fig. 8F). When compared with
cultures of cortex alone, or cortex cocultured with control-
transfected 293T cells, cortical axon growth directed toward the
Netrin-1-transfected 293T cells is significant ( p , 0.05 and p ,
0.05, respectively; Mann–Whitney test; Table 1). Again, counts of
axon fascicles support the blind qualitative assessments of cortical
Figure 5. DiI injections in frontal and frontomedial cortex in E16 brains.
Coronal sections: dorsal to the top, lateral to the left. A, A9, An injection
(asterisk) into frontal cortex retrogradely labeled cells at more medial
positions as far as 600 mm caudal in presumptive retrosplenial cortex. B,
An injection (asterisk) of DiI into medial cortex retrogradely labeled cells
(B9) several hundred micrometers caudal in presumptive cingulate cortex.
The midline is marked by an arrowhead. LV, Lateral ventricle. Scale bar,
150 mm.
Figure 6. The earliest cortical axon growth is predominantly directed
laterally. A, Whole mount of an E12 rat cortical hemisphere immuno-
stained with the neuron-specific marker TuJ1. Rostral is to the left, lateral
is down. The asterisk marks the location from which B and C are taken. B,
C, Higher magnification images of lateral regions of the brain shown in A.
Some immunostained cells whose axons are visible are indicated with
arrows. Most axons extend laterally toward the internal capsule. Scale bars:
A, 250 mm; B, C (shown in C), 50 mm.
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explant growth preferences (Fig. 9A). The number of axon fasci-
cles extending from the side of cortical explants facing the Netrin-
1-transfected 293T cells is more than twofold greater than the
number extending from the opposite side; this difference is statis-
tically significant ( p, 0.01, Student’s paired t test). No significant
difference was observed in the number of axon bundles extending
from the two sides of cortical explants cocultured with 293T cells
transfected with a control construct. Because the response of
cortical axons to the internal capsule can be mimicked by both the
floor plate and Netrin-1-transfected 293T cells, Netrin-1 may be
the molecule secreted by the internal capsule that attracts cortical
axons in vitro.
Evidence that increased axon growth toward test
explants may be attributable to chemoattraction
As described above, we found a significant difference in the
number of axon bundles extended by cortical explants from their
toward side, facing test explants, compared with their away side in
cocultures with internal capsule or Netrin-1-transfected 293T
cells, but not in control cultures of cortex cultured alone or with
control-transfected 293T cells. In contrast, the total number of
axon bundles extended from the two sides in cocultures of cortex
with internal capsule or Netrin-1-transfected 293T cells did not
differ significantly from the two types of control cultures (Fig. 9B;
Student’s unpaired t test). Thus, these explants extend similar
total numbers of axon bundles, which are not increased by cocul-
turing in the presence of the internal capsule or Netrin-1-
transfected 293T cells. Therefore, the differences between toward
and away sides in the number of axon bundles extended by cortical
explants cocultured with either internal capsule or Netrin-1-
transfected 293T cells is attributable to an increase in the propor-
tion of axon bundles directed toward these test explants, out of a
constant total number of axon bundles. This finding is consistent
with a chemoattractive mechanism promoting cortical axon
growth toward these test explants.
The increase in the number of axonal processes on the toward
side of cortical explants cocultured with internal capsule, floor
plate, or Netrin-1-transfected 293T cells could possibly be attrib-
uted to a trophic effect of the test explant that is highly localized
to the side of the cortical explant facing it (e.g., a strong bias for
survival or axon extension by neurons on the side closest to the
test explant). To further investigate this possibility, we retro-
gradely labeled neurons within the cortical explants by injecting
DiI into the collagen gel between the cortical and test explants.
Figure 10 shows our typical findings, using as examples an explant
of cortex cultured alone (Fig. 10A) and one cocultured with floor
plate (Fig. 10B). In both cultures, retrogradely labeled neurons
are distributed over the entire explant. This finding suggests that
the increased cortical axon outgrowth exhibited on the toward
side versus the away side in the cocultures is not attributable to a
localized trophic effect.
Interestingly, we found that the total number of axon bundles
extended by cortical explants cocultured with floor plate was
approximately twofold greater than the number extended by cor-
tex cultured alone or cocultured with internal capsule or Netrin-
1-transfected 293T cells (the difference is significant, p , 0.01,
Student’s unpaired t test; Fig. 9B). Thus, floor plate appears to
release a soluble activity that enhances cortical axon outgrowth.
The twofold increase in total cortical axon bundles reflects an
increase in the number of axon bundles extending from each of
the two sides of the cortical explants, toward and away from the
Table 1. Summary of collagen gel coculture experiments
Test explant
Cortical neurite growth
Total no. of
explants Toward Away Same
Cortex alone 12 3 2 7
Internal capsule 22 12 4 6
MDT 21 4 2 15
Floor plate 16 12 1 3
Netrin-1-transfected 293T cells 33 18 3 12
Conrol-transfected 293T cells 33 8 2 23
Cortical explants were cultured in three-dimensional collagen gels either alone (1) or
with the test explants indicated (2–6). The growth of axons emanating from the
cortical explants was qualitatively scored blindly by three investigators as greater
toward the test explant, greater away, or the “same” amount of growth toward and
away, by comparing the side of the cortical explant facing the test explant with the
opposite side. For cortical explants cultured alone (cortex alone), toward was the side
of the cortical explant facing to the right, away was to the left. The total number of
explants in each group and the number with more axon growth toward, away, or the
same, are shown. These nonparametric results were analyzed statistically using the
Mann–Whitney test for unpaired samples. The following culture-type pairings had
significantly more cortical explants rscored as toward in the first type than in the
second type: internal capsule versus neocortex alone ( p # 0.05); internal capsule
versus MDT ( p # 0.01); floor plate versus neocortex alone ( p # 0.01); floor plate
versus MDT ( p # 0.01); Netrin-1-transfected 293T cells versus neocortex alone ( p
# 0.05); Netrin-1-transfected 293T cells versus control-transfected 293T cells
( p # 0.05). The following culture type pairings had no significant difference between
the two culture types: MDT versus neocortex alone; control-transfected 293T cells
versus neocortex alone; plate versus internal capsule.
Figure 7. Schematic representation of coculture experiments. A, Dor-
sal view of an E15 rat brain showing where cortical explants were
derived from within the dorsal telencephalon (i.e., neocortex). B,
Coronal section through an E15 rat forebrain showing the locations
from which explants of the intermediate target explants of cortical
axons, the nascent internal capsule and the MDT, were dissected. C,
Netrin-1-secreting explants were the floor plate, taken from an E13 rat
spinal cord shown in transverse section, and agar-embedded HEK 293T
cells transfected with Netrin-1 cDNA in the sense orientation. Agar-
embedded HEK 293T cells transfected with Netrin-1 cDNA in the
antisense orientation were used as a control. D, Cortical explants were
cultured in collagen gels either alone or with test explants of either
internal capsule, MDT, floor plate, or small agar cubes containing
transfected 293T cells. For analysis of axon outgrowth, cortical explants
were divided into four quadrants as shown by the dotted lines. The axon
outgrowth from the sides of the cortical explant toward (t) and away (a)
from the test explants was analyzed.
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floor plate, compared with the baseline condition of cocultures of
cortical explants with internal capsule or Netrin-1-transfected
cells (Fig. 9A). This observation suggests that the apparent trophic
effect of the floor plate is not localized to the side of the cortical
explant nearest it, and as described above seems to uniformly
influence the entire cortical explant. Given this generalized che-
motrophic effect, it is reasonable to suggest that the trophic effect
is superimposed on the chemoattractive effect discussed above.
As described above, we found no evidence that explants of MDT
exert a chemorepellent effect on cortical axons. However, we do find
an approximately 50% decrease in the total number of axon bundles
in cortical explants cocultured with MDT compared with cortex
cultured alone ( p , 0.02, Student’s unpaired t test; Fig. 9B). As for
the generalized trophic effect of the floor plate, this opposite effect of
MDT appears to have a similar effect on axon growth from both sides
of the cortical explant (Fig. 9A). Thus, MDT appears to release a
soluble activity that decreases cortical axon outgrowth, a phenome-
non termed chemosuppression (Wang et al., 1996).
DISCUSSION
The mechanism of chemotropism, or the action at a distance by
diffusible signals on the directional growth of axons, has re-
Figure 8. The internal capsule releases a chemoattractant activity for early cortical axons that can be mimicked by a soluble activity released by floor plate
and by Netrin-1-transfected 293T cells. Cortical explants (ctx) were cultured in collagen gels either alone (A) or with test explants of MDT (B; MDT ),
nascent internal capsule (C; ic), floor plate (D; fp), or 293T cells transfected with Netrin-1 cDNA (E; Netrin-1 293T ), or 293T cells transfected with a
control construct (F; cont. 293T ). The cortical explants were placed with their pial surface up, and either their medial or lateral side facing the test explant.
A, E15 rat cortical explants cultured alone extended axons in a nondirected manner. B, Similarly, cortical explants cocultured with explants of E15 rat
MDT extended axons in a nondirected manner. C, In contrast, cortical explants cocultured with explants of E15 rat internal capsule (ic) showed robust
axon outgrowth directed toward the internal capsule explant.D–F, The effect of the internal capsule could be mimicked by coculturing the cortical explants
with either floor plate explants (D) or agar cubes containing 293T cells transfected with Netrin-1 (E). In these cocultures, growth toward the floor plate
or Netrin-1-transfected 293T cells was robust. In contrast, cortical explants cocultured with agar cubes containing control-transfected 293T cells extended
axons in a nondirected manner (F ). Scale bar, 200 mm.
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cently gained prominence through the demonstration of phys-
iological roles for such a mechanism (Tessier-Lavigne and
Placzek, 1991; Serafini et al., 1996) and the cloning of the floor
plate-derived chemoattractant Netrin-1 (Kennedy et al., 1994;
Serafini et al., 1994). Previous in vitro studies have suggested
that a target-derived chemoattractant activity can provide a
directional cue for the growth of cortical layer 5 axons in vitro
(Heffner et al., 1990; Joosten et al., 1994; Sato et al., 1994), and
because the activity can promote the collateral branching of
cortical axons (Sato et al., 1994), it has been implicated in the
process of target selection by layer 5 efferent axons. Evidence
presented here suggests that at a much earlier stage in the
development of cortical efferent projections, a chemoattractant
released by an intermediate target of cortical efferent axons,
the internal capsule, may influence the directed growth of
cortical efferent axons out of the cortex into their subcortical
pathway through the ventral forebrain.
The finding that Netrin-1 is expressed in the mouse striatum /
internal capsule at early stages of cortical axon extension
[Serafini et al. (1996), their Fig. 9] suggests that it may have a
role in directing early cortical axon growth toward the internal
capsule en route to more caudally located targets. By examin-
ing cocultures of cortical explants with floor plate, a tissue that
also expresses Netrin-1 (Kennedy et al., 1994), or with Netrin-
1-transfected 293T cells, we have found activities similar to
those observed in cocultures using the internal capsule. Similar
results have been obtained by C. Metin and D. Deleglise
(personal communications). These findings suggest that
Netrin-1 may be involved in directing cortical axon growth
toward and /or through the internal capsule.
We have not been able to provide evidence that the internal
capsule-derived activity or Netrin-1 has a tropic effect on
cortical axons (as defined by a reorientation of axons toward
the source). We attempted to do this by retrogradely labeling
Figure 9. Quantification of axon bundles in each type of cortical explant
culture. A, Mean number (6SEM) of axon bundles extended from the
cortical explants (ctx) toward (f) or away (u) from test explants. ic,
Internal capsule; fp, floor plate; N1–293T, agar cubes of 293T cells trans-
fected with Netrin-1 cDNA; cont 293T, agar cubes of 293T cells trans-
fected with Netrin-1 cDNA in the antisense orientation. The perimeter
surrounding each cortical explant was divided into four quadrants (see Fig.
7), and the total number of axon bundles .150 mm in length, found in
either the toward quadrant or the away quadrant, was counted. For
cortical explants cultured alone (ctx alone), the toward quadrant was to the
right and the away quadrant to the left. B, Mean total number (6SEM) of
axon bundles extended both toward and away from the test explants (i.e.,
sum of the data presented in A). The number of cases scored is the same
as the total number of explants indicated in Table 1. These parametric
data were statistically analyzed using Student’s t test.
Figure 10. Cortical axons extended toward test explants arise from neu-
rons distributed throughout the cortical explants. DiI injected into the
collagen gel to the right side (i.e., toward side) of the cortical explants
retrogradely labels neurons distributed across cortical explants cultured
alone (A) or cocultured with floor plate (B). Arrowheads point to bundles
of retrogradely labeled cortical axons extended into the collagen gel.
Arrows mark retrogradely labeled neurons at the edge of the side of the
cortical explants opposite the injection site (i.e., the away side). In B, the
injection was placed between the cortical explant and the floor plate. In
each case, only a proportion of the axons extending into the collagen
contact the DiI injection site. Scale bar, 200 mm.
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cortical axons with DiI injections into the collagen gel, but the
resolution of axon labeling within the cortical explants was
inadequate to perform a definitive analysis on axonal trajecto-
ries. However, the widespread distribution of the retrogradely
labeled cells across the cortical explants suggests that the
enhanced outgrowth of cortical axons toward the internal cap-
sule, floor plate, or Netrin-1-transfected cells is not attributable
to a trophic effect localized to the toward side of the cortical
explant. In addition, our findings show that although neither
the internal capsule nor the Netrin-1-transfected 293T cells
increase the total number of axon bundles extended by cortical
explants, both promote a significant increase in the number of
axon bundles that extend specifically from the side of the
cortical explant toward the test explant. Taken together, these
results suggest that the internal capsule-derived activity and
Netrin-1 have chemoattractive effects on cortical axons. In this
discussion, for simplicity we will consider that Netrin-1 is
indeed the internal capsule-derived chemoattractant activity,
but the same considerations would apply to the internal
capsule-derived activity whether it is attributable entirely or in
part to Netrin-1 or to an unidentified agent.
In principal, an internal capsule-derived activity could act at
a distance or, alternatively, only locally. For example, Netrin-1
may be secreted by cells in the internal capsule and then diffuse
through the overlying cortex, thereby producing a graded dis-
tribution of the molecule that could direct cortical axon growth
from the outset. Consistent with this possibility, the trajectories
of early cortical axons approximate the shortest path to the
internal capsule; a path that in principal should parallel the
steepest gradient of a diffusible signal emanating from the
internal capsule. For example, neurons in the dorsolateral
cortex send their axons directly laterally and ventrally, whereas
neurons in the rostromedial cortex send their axons around the
rostral end of the lateral ventricle, rather than over the dorsal
cortical surface (see Fig. 3).
Alternatively, Netrin-1 may diffuse only a short distance in vivo,
if at all, and may act to maintain directed axon growth after initial
axon extension has begun. The fact that Netrin-1 has a signal
sequence suggests that it is secreted (Serafini et al., 1994), and in
vitro evidence presented here and elsewhere (Kennedy et al.,
1994) demonstrates that Netrin-1 can act in a soluble manner.
However, Netrin-1 can be tightly associated with cellular mem-
branes because during its purification and isolation, Netrin-1
activity was identified in salt extracts of the membrane fraction
prepared from E13 chicken brain rather than in the soluble
fraction (Serafini et al., 1994), and in Netrin-1-transfected COS
cells most of the activity was associated with high salt extracts of
COS cell membranes rather than in COS cell conditioned medium
(Kennedy et al., 1994). This evidence could indicate that, in vivo,
Netrin-1 produced by cells within the internal capsule may remain
in this region and affect axon growth locally rather than at a
distance. In this scheme, other agents may establish the initially
directed extension of cortical axons toward the internal capsule,
and Netrin-1 may serve to promote the turning of cortical axons
into the internal capsule and /or to maintain their directed growth
through it, by directly guiding the axons or by creating a favorable
environment for their extension.
If the diffusion of Netrin-1 is limited, gradients of other
potential guidance cues, for example, cell adhesion molecules
(CAMs) or extracellular matrix molecules (ECMs), may direct
the initial growth of cortical axons toward the internal capsule.
A decreasing peripheral-to-central maturational gradient of
the ECM, chondroitin-sulfate proteoglycan (CSPG), has been
implicated in directing retinal ganglion cell axons toward the
optic disk (Brittis et al., 1992). In this instance, axons grow
“down” a CSPG gradient, which parallels the central-to-
peripheral maturational gradient in the retina. Although this is
an attractive idea that merits further consideration, there are
no reports of CAMs or ECMs distributed in gradients that
parallel the directed growth of early cortical axons (Fushiki and
Schachner, 1986; McKenna and Raper, 1988; Sheppard et al.,
1991; Bicknese et al., 1994). In addition, unlike retina, the
trajectories of many cortical axons to the internal capsule do
not seem to parallel the maturational gradient, which in cortex
proceeds from rostrolateral to caudomedial (Bayer and Alt-
man, 1991).
In addition to acting within the forebrain, Netrin-1 may also act
in the guidance of cortical efferent axons farther along their
subcortical pathway. For example, after cortical layer 5 axons pass
through the internal capsule, they deviate toward the midline in
the caudal diencephalon and midbrain, and then extend caudally
through the hindbrain in a pathway adjacent to the ventral mid-
line, apposed to the floor plate. Thus, Netrin-1 (or another floor
plate-derived molecule) may be involved in guiding corticospinal
axons along their spinally directed pathway. However, at the
junction between the hindbrain and the spinal cord, corticospinal
axons turn dorsally, cross the midline, and project caudally down
the spinal cord in a dorsally located midline tract. Therefore,
additional molecular mechanisms must contribute to defining the
corticospinal axon pathway.
Given that the neocortex has two major efferent pathways,
through the internal capsule to subcortical targets and through
the corpus callosum to the contralateral cortex, it was surpris-
ing to find that early cortical axon extension is predominantly
directed along a trajectory toward the internal capsule. This
directed axonal growth is observed from E12, the earliest time
of axon extension in cortex, to E16. Only later, beginning at
E17, do we observe substantial numbers of cortical cells ex-
tending axons medially toward the midline corpus callosum.
This apparent delay in cortical axon extension toward the
midline cannot be explained by a later generation of neurons
with medially directed axons compared to those with ventro-
laterally directed axons. The earliest generated cortical neu-
rons are subplate neurons, which are also the population that
pioneers the internal capsule (McConnell et al., 1989; De
Carlos and O’Leary, 1992). Although subplate neurons rarely
extend axons across the corpus callosum, a substantial propor-
tion of them do extend axons medially at later ages (Koester
and O’Leary, 1994). Furthermore, at E15 and E16, cortical
axon growth is still predominantly directed toward the internal
capsule at a time when axons have begun to be extended by
cortical plate neurons that will form the deep cortical layers,
which contain callosally projecting and subcortically projecting
neurons in approximately equal proportions and are generated
at the same time (Koester and O’Leary, 1993).
This leaves three potential explanations for the delay in the
extension of cortical axons toward the midline: first, cells that will
eventually extend axons medially, initially extend axons laterally,
and only later direct axons toward the midline. However, we have
found no evidence from present or previous (Koester and
O’Leary, 1993, 1994) axonal labeling studies to suggest that this is
a major phenomenon. Thus, the delay is more likely attributable
to one of two other scenarios. First, neurons that will project
medially initiate axons, but their axons either grow very slowly, or
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stall and wait in a deeper layer (e.g., subplate or intermediate
zone) before extending medially for a distance detectable by the
techniques used here. Second, neurons that will project medially
do not initiate axogenesis until many days after their laterally
projecting counterparts with which they are cogenerated.
The lag in medially directed axon growth could be attributable
to the late development of an attractant signal, either soluble or
membrane-associated, that directs axon growth toward the mid-
line. Another potential cause for the observed delay in medially
directed axon extension is that a repellent or inhibitor of axon
growth could be transiently expressed. The coculture experiments
presented here revealed no evidence that the medial dorsal tel-
encephalon, a midline cortical structure, secretes a chemorepel-
lent activity for early cortical axons. However, we did find evi-
dence that the medial dorsal telencephalon releases a soluble
activity that decreases or inhibits cortical axon extension. Thus,
this chemosuppressive activity could contribute to the delay in
cortical axon extension toward the midline. In addition, repellents
or inhibitors could develop locally within the cortex and specifi-
cally inhibit the extension of the medially projecting axons. For
example, collapsin /Sema III (Kolodkin et al., 1993; Luo et al.,
1993), a protein that has been shown to repel or inhibit axon
growth (Luo et al., 1993), is expressed in developing rodent cortex
(Messersmith et al., 1994) and could operate in this manner. The
molecular basis of the early directed growth of cortical axons
toward the internal capsule and the delay in medially directed
axon extension toward the midline must be due to multiple cues
expressed in temporally and spatially defined sequences. Such
complexity is necessary to account for the multiple directions of
axon growth by specific subsets of cortical neurons in the same
region of cortex during overlapping periods of development.
REFERENCES
Adams NC, Baker GE (1995) Cells of the perireticular nucleus project to
the developing neocortex in the rat. J Comp Neurol 359:613–626.
Ausebel F, Brent R, Kingston RE, Moore DD, Smith JA, Seidman JG,
Struhl K (1987) In: Current protocols in molecular biology (Janssen K,
ed), pp 9.1.1–9.1.3. New York: Wiley.
Bayer SA, Altman J (1991) Neocortical Development. New York: Raven.
Bicknese AR, Sheppard AM, O’Leary DDM, Pearlman AL (1994)
Thalamocortical axons extend along chondroitin sulfate proteoglycan-
enriched pathway coincident with the neocortical subplate and distinct
from the efferent path. J Neurosci 14:3500–3510.
Brittis PA, Canning DR, Silver J (1992) Chondroitin sulfate as a regula-
tor of neuronal patterning in the retina. Science 255:733–736.
Bruckner G, Mares V, Bieshold D (1976) Neurogenesis in the visual
system of the rat. An autoradiographic investigation. J Comp Neurol
166:245.
Catalano SM, Robertson RT, Killackey HP (1991) Early ingrowth of
thalamocortical afferents to the neocortex of the prenatal rat. Proc Natl
Acad Sci USA 88:2999–3003.
Clemence AE, Mitrofanis J (1992) Cytoarchitectural heterogeneities in
the thalamic reticular nucleus of cats and ferrets. J Comp Neurol
322:167–180.
Colamarino SA, Tessier-Lavigne M (1995) The axonal chemoattractant
Netrin-1 is also a chemorepellent for trochlear motor neurons. Cell
81:621–629.
De Carlos JA, O’Leary DDM (1992) Growth and targeting of subplate
axons and establishment of major cortical pathways. J Neurosci
12:1194–1211.
De Carlos JA, Schlaggar BL, O’Leary DDM (1995) Development of
acetylcholinesterase-positive thalamocortical and basal forebrain affer-
ents to embryonic rat cortex. Exp Brain Res 104:385–401.
DuBridge RB, Tang P, Hsia HC, Leong P-H, Miller JH, Calos MP (1987)
Analysis of mutation in human cells by using an Epstein-Barr virus
shuttle system. Mol Cell Biol 7:379–387.
Drago J, Murphy M, Bailey KA, Bartlett PF (1991) A method for the
isolation of purified murine neuroepithelial cells from the developing
mouse brain. J Neurosci Methods 37:251–256.
Easter SS, Ross LS, Frankfurter A (1993) Initial tract formation in the
mouse brain. J Neurosci 13:285–299.
Fushiki S, Schachner M (1986) Immunocytological localization of cell
adhesion molecules L1 and N-CAM and the shared carbohydrate
epitope L2 during development of the mouse neocortex. Dev Brain Res
24:153–167.
Ghattas IR, Sanes JR, Majors JE (1991) The encephalomyocarditis virus
internal ribosome entry site allows efficient coexpression of two genes
from a recombinant provirus in cultured cells and in embryos. Mol Cell
Biol 11:5848–5859.
Goodman CS (1996) Mechanisms and molecules that control growth
cone guidance. Annu Rev Neurosci 19:341–377.
Guthrie S, Pini A (1995) Chemorepulsion of developing motor axons by
the floor plate. Neuron 14:1117–1130.
Heffner CD, Lumsden AGS, O’Leary DDM (1990) Target control of
collateral extension and directional axon growth in the mammalian
brain. Science 247:217–220.
Honig MG, Hume RI (1989) DiI and DiO: versatile fluorescent dyes for
neuronal labeling and pathway tracing. Trends Neurosci 12:333–341.
Joosten EAJ, Gispen WH, Bar PR (1994) Tropism and corticospinal
target selection in the rat. Neuroscience 59:33–41.
Kennedy TE, Serafini T, de la Torre JR, Tessier-Lavigne M (1994)
Netrins are diffusible chemotropic factors for commissural axons in the
embryonic spinal cord. Cell 78:425–435.
Koester SE, O’Leary DDM (1993) Connectional distinction between cal-
losal and subcortically projecting cortical neurons is determined prior to
axon extension. Dev Biol 160:1–14.
Koester SE, O’Leary DDM (1994) Axons of early generated neurons in
cingulate cortex pioneer the corpus callosum. J Neurosci 14:6608–6620.
Kolodkin AL, Matthes DJ, Goodman CS (1993) The semaphorin genes
encode a family of transmembrane and secreted growth cone guidance
molecules. Cell 75:1389–1399.
Lund RD, Mustari MJ (1977) Development of the geniculocortical path-
way in rats. J Comp Neurol 173:289–306.
Luo Y, Raible D, Raper JA (1993) Collapsin: a protein in brain that
induces the collapse and paralysis of neuronal growth cones. Cell
75:217–227.
McConnell SK, Ghosh A, Shatz CJ (1989) Subplate neurons pioneer the
first axon pathway from the cerebral cortex. Science 245:978–982.
McKenna MP, Raper JA (1988) Growth cone behavior on gradients of
substratum bound laminin. Dev Biol 130:232–236.
Messersmith E, Kolodkin AL, Goodman CS, Shatz CJ (1994) Expression
of the semaphorin III gene during development of the mouse nervous
system. Soc Neurosci Abstr 20:1065.
Metin C, Godement P (1996) The ganglionic eminence may be an inter-
mediate target for corticofugal and thalamocortical axons. J Neurosci
16:3219–3235.
Moody SA, Quigg MS, Frankfurter A (1989) Development of the periph-
eral trigeminal system in the chick revealed by an isotype-specific
anti-beta-tubulin monoclonal antibody. J Comp Neurol 279:567–580.
Moriyoshi K, Richards LJ, Akazawa C, O’Leary DDM, Nakanishi S
(1996) Labeling neural cells using adenoviral gene transfer of
membrane-targeted GFP. Neuron 16:255–260.
Niwa H, Yamamura K, Miyazaki J (1991) Efficient selection for high-
expression transfectants with a novel eukaryotic vector. Gene
108:193–200.
O’Leary DDM, Koester SE (1993) Development of projection neuron
types, axonal pathways, and patterned connections of the mammalian
cortex. Neuron 10:991–1006.
Pini A (1993) Chemorepulsion of axons in the developing mammalian
central nervous system. Science 261:95–98.
Placzek M, Tessier-Lavigne M, Jessell T, Dodd J (1990) Orientation of
commissural axons in vitro in response to a floor plate-derived chemoat-
tractant. Development 110:19–30.
Rickmann M, Chronwall BM, Wolff JR (1977) On the development of
non-pyramidal neurons and axons outside the cortical plate: the early
marginal zone as a pallial anlage. Anat Embryol (Berl) 151:285–307.
Sato M, Lopez-Mascaraque L, Heffner CD, O’Leary DDM (1994) Ac-
tion of a diffusible target-derived chemoattractant on cortical axon
branch induction and directed growth. Neuron 13:791–803.
Serafini T, Kennedy TE, Galko MJ, Mirzayan C, Jessell TM, Tessier-
Lavigne M (1994) The netrins define a family of axon outgrowth-
promoting proteins homologous to C. elegans UNC-6. Cell 78:409–424.
Richards et al. • Directed Cortical Axon Growth J. Neurosci., April 1, 1997, 17(7):2445–2458 2457
Serafini T, Colmarino SA, Leonardo ED, Wang H, Beddington R, Skarnes
WC, Tessier-Lavigne M (1996) Netrin-1 is required for commissural
axon guidance in the developing vertebrate nervous system. Cell
87:1001–1014.
Sheppard AM, Hamilton SK, Pearlman AL (1991) Changes in the dis-
tribution of extracellular matrix components accompany early morpho-
genetic events of mammalian cortical development. J Neurosci
11:3928–3942.
Shirasaki R, Tamada A, Katsumata R, Murakami F (1995) Guidance of
cerebellofugal axons in the rat embryo: directed growth toward the floor
plate and subsequent elongation along the longitudinal axis. Neuron
14:961–972.
Shirasaki R, Mirzayan C, Tessier-Lavigne M, Murakami F (1996) Guid-
ance of circumferentially growing axons by netrin-dependent and
-independent floor plate chemotropism in the vertebrate brain. Neuron
17:1079–1088.
Smart IHM, Smart M (1982) Growth patterns in the lateral wall of the
mouse telencephalon. I. Autoradiographic studies of the histogenesis of
isocortex and adjacent areas. J Anat 134:273–298.
Tamada A, Shirasaki R, Murakami F (1995) Floor plate chemoattracts
crossed axons and chemorepels uncrossed axons in the vertebrate brain.
Neuron 14:1083–1093.
Tessier-Lavigne M, Placzek M (1991) Target attraction: are developing
axons guided by chemotropism? Trends Neurosci 14: 303–310.
Tessier-Lavigne M, Placzek M, Lumsden AG, Dodd J, Jessell TM (1988)
Chemotropic guidance of developing axons in the mammalian central
nervous system. Nature (Lond) 336:775–778.
Uylings HBM, Van Eden CG, Parnavelas JG, Kalsbeek A (1990) The
prenatal and postnatal development of rat neocortex. In: The cerebral
cortex of the rat (Kolb B, Tees RC, eds), pp 35–76. Cambridge, MA:
MIT.
Valverde F, Facal-Valverde MV, Santacana M, Heredia M (1989) De-
velopment and differentiation of early generated cells of sublayer VIb in
the somatosensory cortex of the rat: a correlated Golgi and autoradio-
graphic study. J Comp Neurol 290:118–140.
Wang L-C, Rachel RA, Marcus RC, Mason CA (1996) Chemosuppression
of retinal axon growth by the mouse optic chiasm. Neuron 17:849–862.
2458 J. Neurosci., April 1, 1997, 17(7):2445–2458 Richards et al. • Directed Cortical Axon Growth
